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ABSTRACT
Context. Radio-loud active galactic nuclei in the early Universe are rare. The quasars J0906+6930 at redshift z=5.47 and J2102+6015
at z=4.57 stand out from the known sample with their compact emission on milliarcsecond (mas) angular scale with high (0.1-Jy
level) flux densities measured at GHz radio frequencies. This makes them ideal targets for very long baseline interferometry (VLBI)
observations.
Aims. By means of VLBI imaging we can reveal the inner radio structure of quasars and model their brightness distribution to better
understand the geometry of the jet and the physics of the sources.
Methods. We present sensitive high-resolution VLBI images of J0906+6930 and J2102+6015 at two observing frequencies, 2.3 and
8.6 GHz. The data were taken in an astrometric observing programme involving a global five-element radio telescope array. We
combined the data from five different epochs from 2017 February to August.
Results. For one of the highest redshift blazars known, J0906+6930, we present the first-ever VLBI image obtained at a frequency
below 8 GHz. Based on our images at 2.3 and 8.6 GHz, we confirm that this source has a sharply bent helical inner jet structure
within ∼3 mas from the core. The quasar J2102+6015 shows an elongated radio structure in the east–west direction within the
innermost ∼2 mas that can be described with a symmetric three-component brightness distribution model at 8.6 GHz. Because of
their non-pointlike mas-scale structure, these sources are not ideal as astrometric reference objects. Our results demonstrate that
VLBI observing programmes conducted primarily with astrometric or geodetic goals can be utilized for astrophysical purposes as
well.
Key words. techniques: interferometric – radio continuum: galaxies – galaxies: high-redshift – quasars: individual: J0906+6930 –
quasars: individual: J2102+6015
1. Introduction
Active galactic nuclei (AGN) are located in the central region
of galaxies. The source of their extreme power, which makes
them the most luminous persistent (non-transient) astrophysi-
cal objects in the Universe, is accretion of matter onto a su-
permassive (∼ 106 − 1010 M⊙) black hole (e.g. Rees 1984;
Kormendy & Richstone 1995). Active galactic nuclei can be de-
tected at multiple wavebands across the entire electromagnetic
spectrum, even from extremely large cosmological distances.
Their most distant representative known to date is a quasar at
redshift z = 7.54, corresponding to just 5% of the current age
of the Universe (Bañados et al. 2018). A small fraction, about
10% of AGN, are strong radio sources. The origin of their ra-
dio emission is synchrotron radiation produced by charged par-
ticles accelerated to relativistic speeds in a strong magnetic field
in bipolar jets emanating from the vicinity of the central super-
massive black hole (e.g. Bridle & Perley 1984; Zensus 1997).
Among the radio AGN, the most distant known at present is at
z = 6.21 (Willott 2010; Frey et al. 2011).
Because AGN populate the observable Universe from low to
high redshifts, they can be used to study galaxy evolution and test
cosmological model predictions. In this respect, objects at very
high redshifts are especially valuable. They are also rare because
of the limited sensitivity of our instruments. For example, the
number of known AGN with measured spectroscopic redshift at
z > 4 is nearly 2600, and only about 170 are known radio sources
(Perger et al. 2017). In comparison, the total number of AGN is
now close to a million (Flesh 2015).
The compact pc-scale radio structure of AGN jets can be best
studied with the technique of very long baseline interferometry
(VLBI; see Middelberg & Bach 2008, for a recent review). This
technique involves coordinated observations of selected celestial
objects by radio telescopes separated by large, often intercon-
tinental distances. The technique is applied to reconstruct the
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brightness distribution of radio sources. In fact, VLBI provides
the finest angular resolution currently achievable in astronomy.
On the other hand, VLBI is also successfully employed
for astrometric and global geodetic, geophysical studies (e.g.
Sovers et al. 1998). This technique is unique in regularly and ac-
curately determining the Earth rotation and orientation with re-
spect to a quasi-inertial reference frame realized by the positions
of distant, compact radio AGN. The VLBI measurements play an
essential role in defining and maintaining the most accurate ce-
lestial reference frame (Fey et al. 2015). Astrometric reference
sources preferably have a compact, nearly unresolved appear-
ance in VLBI images, contrary to the objects with rich extended
milliarcsecond (mas) scale structures ideal for studying, for ex-
ample jet physics.
Only a few radio AGN at extremely high redshift are suitable
for detection in astrometric/geodetic VLBI experiments because
of the limited baseline sensitivities involving typical 12–40 m
geodetic telescopes. Among the total of 30 VLBI-detected extra-
galactic radio sources at z > 4.5, only 7 have measured flux den-
sities exceeding ∼100 mJy at GHz frequencies (Coppejans et al.
2016), including the two AGN discussed in this paper.
The source J0906+6930 was classified as a blazar, i.e. a flat-
spectrum radio quasar with one of its relativistic jets approach-
ing and pointing nearly to our line of sight. The redshift of this
source is z = 5.47 (Romani et al. 2004). The Doppler-boosted
jet emission makes J0906+6930 the most radio-luminous quasar
and the highest redshift blazar known (e.g. Coppejans et al.
2016; Zhang et al. 2017). However, if radio flux density mea-
surements below 1 GHz are considered, its overall radio spec-
trum has a clear turnover at around 6 GHz (Coppejans et al.
2017). The accurate equatorial coordinates1 of the source are
right ascension 09h 06m 30s.74875 and declination +69◦ 30′
30′′.8363.
The redshift of the quasar J2102+6015 is z = 4.575
(Sowards-Emmerd et al. 2004). The accurate VLBI-determined
coordinates are right ascension 21h 02m 40s.21912 and dec-
lination +60◦ 15′ 09′′.8364. Considering its broadband radio
spectrum, J2102+6015 also belongs to the gigahertz peaked-
spectrum (GPS) class, with an observed-frame turnover fre-
quency ∼1 GHz (Coppejans et al. 2017).
Both sources have been imaged with VLBI at different fre-
quencies in the past, as we discuss it in Sect. 4 in the context of
our new results. We present new dual-frequency (2.3- and 8.6-
GHz) VLBI images of J0906+6930 and J2102+6015 derived
from data obtained with a globally distributed array of five radio
telescopes located in Russia, Spain, and China. We combined
data from a series of five 24 h experiments conducted from 2017
February to August. In Sect. 2, we describe the details of the ob-
servations and the data analysis procedure. In Sect. 3, we show
the images and the results of modelling the brightness distribu-
tion of the sources. In Sect. 4, we compare our results with the
information available in the literature and discuss our findings.
Finally we give a summary and comment on the potential use
of astrometric/geodetic VLBI data for astrophysical purposes in
Sect. 5.
We adopt a standard ΛCDM cosmological model with pa-
rameters Ωm = 0.3, ΩΛ = 0.7, and H0 =70 km s−1Mpc−1.
In this model, 1 mas angular size corresponds to 6.0 pc and
6.6 pc projected linear size in the rest frame of J0906+6930 and
J2102+6015, respectively (Wright 2006).
1 International VLBI Service for Geodesy and Astrometry (IVS,
Schuh & Behrend 2012) celestial reference frame, aus2017b solution,
ftp://ivs.bkg.bund.de/pub/vlbi/ivsproducts/crf
Table 1. Observing dates and participating VLBI stations
No. Session Date Bd Sv Zc Ys Sh
1 RUA012 2017 Feb 04–05 X X X X
2 RUA015 2017 Apr 08–09 X X X X X
3 RUA016 2017 Apr 22–23 X X X X X
4 RUA017 2017 Aug 19–20 X X X X X
5 RUA018 2017 Aug 26–27 X X X X
Fig. 1. The (u, v) coverage of the combined 5-epoch data set for
J0906+6930 at 2.3 GHz. The points indicate the baseline lengths pro-
jected onto a plane perpendicular to the geocentric vector pointing to-
wards the radio source. The u (east–west) and v (north–south) axes are
conventionally scaled in the units of million wavelengths (λ). The nearly
circular shape of the (u, v) coverage is caused by the northern hemi-
sphere array observing a circumpolar source at high declination, and
the tracks covering full days
2. Observations and data reduction
The quasars J0906+6930 and J2102+6015 were observed along
with a large set of bright compact VLBI reference sources in
nearly 24 h sessions starting at 19:10 UT each day. The observ-
ing log listing the session names, dates, and the participating ra-
dio telescopes is given in Table 1. The Russian National VLBI
Network Quasar (Finkelstein et al. 2008) consisting of three 32
m diameter radio telescopes at Badary (Bd), Svetloe (Sv), and
Zelenchukskaya (Zc) was extended by the 40 m Yebes (Ys) an-
tenna in Spain and the 25 m Sheshan (Sh) radio telescope in
China, providing interferometer baselines exceeding 9000 km.
The scheduling, observations, and correlation were performed
under the auspices of an agreement between the Institute of Ap-
plied Astronomy of the Russian Academy of Sciences (IAA
RAS) and Geoscience Australia, with the collaboration of the
Yebes Observatory in Spain and the Shanghai Astronomical Ob-
servatory in China. At each of the five observing epochs, at least
four of these stations participated, allowing us to apply ampli-
tude self-calibration (Readhead & Wilkinson 1978) during the
imaging process.
Dictated by the primarily astrometric goal of the exper-
iments, the observing schedules were designed in a fash-
ion typical for geodetic/astrometric VLBI observations (e.g.
Sovers et al. 1998). These include consecutive rapid (∼1 min
or shorter) scans on multiple radio reference sources located
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at widely separated elevations, to achieve sufficient spatial and
temporal sampling of the observables that are the baseline-based
group delays. These scans were interleaved with longer (6–
16 min) sections spent on J0906+6930 and J2102+6015. The
accurate astrometric positions of the two high-redshift target
sources, and their possible changes over a longer period of time
will be analysed later and published elsewhere (O. Titov et al.,
in preparation). The total observing time spent on J0906+6930
and J2102+6015 was about 18 h and 26.5 h, respectively, during
the five experiments (Table 1).
The VLBI radio telescopes observed with geodetic receivers
sensitive at two central frequencies, 2.3 GHz (S band) and 8.6
GHz (X band). A total of 16 intermediate frequency channels
(IFs) were used in right-hand circular polarization. The S and X
bands were covered by 6 and 10 IFs, respectively. Each IF was
divided into 32 spectral channels of 500 kHz width (except for
epoch 5, when 8 times more, but also 8 times narrower chan-
nels were used). Therefore the total bandwidth was 96 MHz at
2.3 GHz observing frequency and 160 MHz at 8.6 GHz. The
recorded data were correlated at the IAA RAS in Saint Peters-
burg with the DiFX software correlator (Deller et al. 2011). The
DiFX shares the hybrid HPC cluster in the IAA Correlator Cen-
tre (Surkis et al. 2018) along with the RASFX software correla-
tor (Surkis et al. 2017). The data were correlated with 0.5 s inte-
gration time and the output was converted to FITS-IDI format.
We used the US National Radio Astronomy Observatory
(NRAO) Astronomical Image Processing System2 (aips) for data
calibration in a standard way (e.g. Diamond 1995). After loading
and inspecting the interferometer visibility data supplied by the
correlator, the S-band and X-band parts were copied into sep-
arate files for independent calibration and analysis. The ampli-
tudes were calibrated using the known antenna gain curves and
the system temperatures regularly measured at the antenna sites
during the experiments. In cases in which the system temperature
measurements appeared unreliable (e.g. for S-band observations
at epoch 1), nominal values were used instead. Fringe-fitting
(Schwab & Cotton 1983) was performed with 6 min and 3 min
solution intervals at S and X bands, respectively, for all observed
radio sources. The delay and delay-rate solutions as a function of
time were inspected and a few outliers removed. The solutions
were then applied to the visibility data of five selected calibrator
sources, J0607+6720, J0726+7911, J1159+2914, J1800+7828,
and J0841+7053 (missing from the schedule and replaced by
J2321+3204 at the fifth epoch). These data were exported to
the Caltech difmap software (Shepherd et al. 1994) for imaging.
Hybrid mapping cycles with clean iterations (Högbom 1974)
and phase-only self-calibration (Readhead & Wilkinson 1978)
resulted in sufficiently good source models such that overall an-
tenna gain factors could be determined from the data when at
least four antennas were present.
Calibrating the amplitudes in VLBI to the absolute scale is
problematic because flux density standards have an extended
structure that would be mostly resolved out on the long base-
lines. It is customary to assume 5–10% uncertainty of the am-
plitude calibration. In practice, one has to rely on the system
temperature measurements. However, the internal consistency
of the amplitudes can be improved if antenna-based gain cor-
rections are determined using scans on bright compact sources
scheduled in the experiment. Such scans were available and we
selected the above five different calibrators for this purpose. The
method is not sensitive to the flux density variability of the cal-
ibrator sources. We independently determined the median cor-
2 http://www.aips.nrao.edu
rection factors in difmap for each epoch and each observing fre-
quency and then used them to multiply the antenna gains in aips.
Even though the network consisted of four or five stations (Ta-
ble 1), and occasionally nominal system temperatures had to be
applied in the absence of measured values, the median antenna
gain corrections were remarkably consistent between the dif-
ferent epochs at both observing bands. The standard deviations
were between 4% (average gain correction 0.94 ± 0.04 for Sh at
X band) and 18% (1.09 ± 0.20 for Sv at S band).
For our target sources, J0906+6930 and J2102+6015, the
calibrated VLBI visibility data with the adjusted antenna gains
were transferred to difmap for imaging. Hybridmappingwas per-
formed for each individual data set, first with phase-only, then
with amplitude and phase self-calibration. We also fitted sim-
ple Gaussian brightness distributionmodel components (Pearson
1995) directly to the self-calibrated visibility data in difmap.
This facilitates quantitative characterization of the source struc-
ture. After producing source images and brightness distribution
models at five epochs from 2017 February to August (Table 1),
we concluded that the flux density of neither J0906+6930, nor
J2102+6015 appeared variable. The standard deviations of the
peak brightness values of individual-epoch images restored with
the same circular Gaussian beam fell between 4% and 13%. Sim-
ilar epoch-to-epoch variations were seen in the zero-spacing vis-
ibility amplitudes and the fitted Gaussian model component flux
densities, consistent with the expected amplitude calibration un-
certainties. For J0906+6930, an independent confirmation of the
quiescence could also be obtained from the 15 GHz flux density
monitoring programme at the 40 m telescope of the Owens Val-
ley Radio Observatory (OVRO; Richards et al. 2011). Accord-
ing to the measurements available3 at 17 epochs between 2017
February and August, the mean 15 GHz total flux density of
J0906+6930 was 81.4 mJy with a standard deviation of ∼5%.
Therefore we concatenated all five calibrated visibility data
sets for two sources and two observing frequencies, and repeated
the imaging and model-fitting procedure described above. The
resulting nearly circular and uniform (u, v) coverage is illustrated
by one example shown in Fig. 1. By combining the data taken at
different epochs, we were able to decrease the image noise level
by almost a factor of 2 compared to the results from individual
epochs.
3. Results
We present our best-quality images using the combined five-
epoch data for J0906+6930 (Fig. 2) and J2102+6015 (Fig. 3)
at 2.3 and 8.6 GHz. The cosmological time dilation makes any
structural change in the jet by a factor of (1 + z) slower in the
observer’s frame than in the rest frame of the quasar. Because
of the high (z > 4.5) redshift of both sources, jet component
proper motions must appear very slow and thus are negligible
during the period covered by our observations. In fact a decade-
long time span is needed to reliably detect jet component proper
motions in extremely distant radio quasars with VLBI imaging
(e.g. Frey et al. 2015; Perger et al. 2018). Indeed, investigating
closure phases (Jennison 1958) in difmap for radio telescope tri-
angles indicates that the structures are consistent for both sources
at each individual observing epoch.We therefore believe that the
combination of VLBI data obtained in our five different exper-
iments (Table 1) is justified and we associate 15% uncertainty
with the derived peak brightness and flux density values to ac-
3 http://www.astro.caltech.edu/ovroblazars
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2.3 GHz 8.6 GHz
Fig. 2. Naturally weighted VLBI images of J0906+6930. Left: at 2.3 GHz. The peak brightness is 95.6 mJy beam−1. The lowest contours are
at ±0.35 mJy beam−1 (∼3σ), the positive contour levels drawn with solid lines increase by a factor of 2. The image is restored with a circular
Gaussian beam of 2.8 mas (FWHM) as indicated in the lower left corner. Right: at 8.6 GHz. The peak brightness is 70.9 mJy beam−1. The lowest
contours are at ±0.2 mJy beam−1 (∼3σ), the positive contour levels increase by a factor of 2. The image is restored with a circular Gaussian beam
of 0.7 mas (FWHM). Open star symbols indicate the locations of fitted Gaussian brightness distribution model components at 8.6 GHz. The filled
symbol shows the position of the jet component fitted to the 2.3 GHz data (see Table 2)
2.3 GHz 8.6 GHz
Fig. 3. Naturally weighted VLBI images of J2102+6015. Left: at 2.3 GHz. The peak brightness is 123.3 mJy beam−1. The lowest contours are at
±0.4 mJy beam−1 (∼3σ); the positive contour levels drawn with solid lines increase by a factor of 2. The image is restored with a circular Gaussian
beam of 2.8 mas (FWHM) as indicated in the lower left corner. Right: at 8.6 GHz. The peak brightness is 82.4 mJy beam−1. The lowest contours
are at ±0.22 mJy beam−1 (∼3σ), the positive contour levels increase by a factor of 2. The image is restored with a circular Gaussian beam of
0.7 mas (FWHM)
count for both the amplitude calibration errors and the uncer-
tainty resulting from some mild source variability.
When fitting model components to the visibility data, we
kept the number of parameters at the minimum. We used ellipti-
cal Gaussians for the brightest central core components to better
describe the innermost, barely resolved jet structure, and circular
Gaussians for the well-resolved outer jet components. The ex-
ception was J2102+6015 at 8.6 GHz where the axial ratio of the
core elliptical converged to unity so we replaced it with a circular
Gaussian model component. The parameters obtained are listed
in Table 2; the uncertainties are estimated following Lee et al.
(2008). The central core components are denoted with 0 and fur-
ther components are numbered from 1 to 3 and are ordered by in-
creasing distance from the centre. The fitted size of the outermost
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weak component 3 of J2102+6015 at 8.6 GHz became smaller
than the minimum resolvable angular size (Kovalev et al. 2005;
Martí-Vidal et al. 2012) with this interferometer array, therefore
we give that latter value as an upper limit.
The brightness temperatures of the core components given in
Table 2 are calculated as
Tb = 1.22 × 10
12(1 + z)
S
θmajθminν2
K, (1)
where S is the flux density in Jy, θmaj and θmin are the ellipti-
cal Gaussian component major and minor axes, respectively, in
mas, and ν is the observing frequency in GHz. To calculate the
monochromatic radio powers in Table 2, we applied the formula
P = 4piD2LS (1 + z)
−1−α, (2)
where DL is the luminosity distance. To obtain values at the same
frequencies in the rest frame of the sources, we used a two-point
spectral index α (defined as S ∝ να) calculated from our VLBI
measurements. Because of the different angular resolutions at
the two observing bands, we associated the 2.3 GHz core with
the innermost three fitted Gaussian componets at 8.6 GHz in
the cases of both sources. The spectral index is thus +0.06 for
J0906+6930, and −0.50 for J2102+6015.
4. Discussion
4.1. J0906+6930
The first VLBI images of this source were made by Romani et al.
(2004) at 15 and 43 GHz using the NRAO Very Long Base-
line Array (VLBA). At 15 GHz, with their restoring beam of
1.55 mas × 0.47 mas full width at half maximum (FWHM)
elongated in the north–south direction, they detected a core–jet
structure with a bright compact central component and a weak
jet feature within 1 mas at a position angle 225◦. This location
perfectly matches our model fit results obtained at 8.6 GHz (Ta-
ble 2). Apart from the core, Romani et al. (2004) also marginally
detected the weak jet component at ∼ 3σ level at 43 GHz.
The 15 GHz VLBA snapshot observations of Romani et al.
(2004) were not sufficiently sensitive to reveal more details of
the jet in J0906+6930. However, Zhang et al. (2017) re-analysed
the 15 GHz data used by Romani et al. (2004), concatenated
with archival data from other two VLBA experiments conducted
in 2005. Their combined image restored with a circular beam
(0.6 mas FWHM) revealed a secondary jet feature about 1.5 mas
south of the core. Zhang et al. (2017) pointed out that the exis-
tence of the southern jet component would imply a sharp bend-
ing of the jet from the south-west to the south. Our 8.6 GHz
VLBI observations are well suited to confirm this jet bending
because the observing frequency is lower and thus the steep-
spectrum jet components are expected to show up more promi-
nently.Moreover, our long projected baselines resulted in a small
restoring beam size (0.7 mas, Fig. 2) at 8.6 GHz, compara-
ble to that of the combined 15 GHz VLBA image (Fig. 1c of
Zhang et al. 2017). Indeed, our 8.6 GHz image (Fig. 2) and the
modelfit results (Table 2) clearly confirm the existence of a bent
jet structure in J0906+6930.
A detailed account of all available VLBI observations of
J0906+6930 has recently been given by Zhang et al. (2017). Ac-
cording to their list, the lowest frequency VLBI image of the
source to date was obtained at 8.4 GHz from a VLBA experiment
in 2011 June4. The short 7 min observing time was sufficient to
4 Project code BC196, unpublished; available from
http://astrogeo.org
reveal the compact core only. Our 8.6 GHz image (Fig. 2, right)
has a higher resolution and better sensitivity and shows the bent
jet structure within ∼1.5 mas from the centre.
Our image at 2.3 GHz (Fig. 2, left) is the lowest frequency
VLBI image of J0906+6930 published to date. The overall pic-
ture shows a source extended to the south-east that can be mod-
elled with two components (Table 2). The extended jet compo-
nent is located at about 2.5 mas from the centre, at a position an-
gle 137◦. Therefore the jet bending first noticed by Zhang et al.
(2017) and confirmed by our 8.6 GHz data seems to continue
further away from the core. For easy comparison with the 8.6
GHz images, we marked the position of this component in the
8.6 GHz image (Fig. 2, right). We note that the source has no
significant extended emission detected on larger, arcsec angular
scales (Zhang et al. 2017).
Based on our dual-frequency VLBI results, the blazar
J0906+6930 seems to have a helical mas-scale jet, which
we see in projection in the sky (e.g. Gower et al. 1982;
Conway & Murphy 1993). This is a commonly observed phe-
nomenon in radio AGN and is often attributed to the preces-
sion of the nozzle of the relativistic jet pointing close to our
line of sight (e.g. Lister et al. 2003; Caproni & Abraham 2004;
Molina et al. 2014; Kun et al. 2014), but may be caused by a he-
lically twisted pressure maximum in the jet flow (Perucho et al.
2012), or a magnetically-driven rotating helix (Cohen 2017). At
very high redshifts, precessing jet motion has recently been in-
ferred from modelling a long series of VLBI imaging data for
the luminous blazar J0017+8135 at z=3.37 (Rozgonyi & Frey
2016). In the case of J0906+6930, a similar kinematic analysis
would also require VLBI monitoring data on decadal timescales.
An alternative explanation of the bent jet structure in
J0906+6930 is that the jet is deflected by the interaction with
the dense ambient gas (e.g. Akujor et al. 1991; Fejes et al. 1992).
It is especially likely to occur in young radio sources in which
the jets are expanding within the clumpy interstellar matter (e.g.
Saxton et al. 2005; Jeyakumar 2009).
Our measured brightness temperatures of the core, Tb ≈ 2 ×
1011K (Table 2) are very close to those derived by Zhang et al.
(2017) from VLBI data taken at multiple frequencies and
epochs. This value indicates that the emission of the inner ra-
dio jet is Doppler-boosted as expected for blazars. If we assume
an intrinsic brightness temperature Tb,int ≈ 3 × 1010 found by
Homan et al. (2006) for pc-scale jets in a sample of AGN in qui-
escent state, the Doppler factor is δ = Tb/Tb,int ≈ 7. Future de-
tection of jet component proper motion with VLBI would allow
the estimation of the Lorentz factor and the jet inclination angle
with respect to the line of sight for J0906+6930.
The monochomatic radio powers we derived at the rest-
frame frequencies of 2.3 and 8.6 GHz are P ≈ 4 × 1027WHz−1
(Table 2). These are typical values for other z > 4.5 radio AGN
(Coppejans et al. 2016), but are significantly, almost an order
of magnitude lower than derived by Coppejans et al. (2016) for
the same source, J0906+6930, based on 15 GHz and 43 GHz
VLBI measurements. For the explanation, we recall the peaked
radio spectral shape of the source (Coppejans et al. 2017). The
turnover frequency νt ≈ 6GHz (Coppejans et al. 2017) falls
between our two observing frequencies. Hence we observed
J0906+6930 at around it spectral peak. Indeed, we found a
flat (slightly inverted) spectrum with a two-point spectral index
α = +0.06. On the other hand, the higher frequencies of 15 and
43 GHz are in the optically thin part of the spectrum charac-
terized by a spectral index close to −1 (Coppejans et al. 2016,
2017; Zhang et al. 2017). The K-correction term (1 + z)−1−α in
Eq. 2 strongly depends on the spectral index, leading to a much
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Table 2. Fitted brightness distribution model parameters, calculated core brightness temperatures, and monochromatic radio powers for
J0906+6930 and J2102+6015 from the combined 5-epoch VLBI data at 2.3 and 8.6 GHz
Source ν Component S r φ θmaj θmin ψ Tb P
GHz mJy mas ◦ mas mas ◦ 1011 K 1027 WHz−1
J0906+6930 2.3 0 107.5±16.1 0 0 1.42±0.05 0.67±0.03 171 1.76±0.28 4.8±0.7
1 10.8±1.6 2.46±0.08 137±2 1.93±0.16 ... ... ... ...
8.6 0 79.9±12.0 0 0 0.38±0.01 0.08±0.01 43 2.81±0.45 3.6±0.5
1 29.1±4.4 0.74±0.01 224±1 0.14±0.02 ... ... ... ...
2 6.6±1.0 1.26±0.02 184±1 0.36±0.05 ... ... ... ...
J2102+6015 2.3 0 304.7±45.7 0 0 4.26±0.18 2.56±0.08 101 0.36±0.06 27.3±4.1
8.6 0 95.8±14.4 0 0 0.44±0.02 ... ... 0.46±0.07 8.6±1.3
1 35.5±5.3 0.62±0.02 260±2 0.75±0.05 ... ... ... ...
2 26.0±3.9 0.53±0.02 95±2 0.58±0.03 ... ... ... ...
3 1.1±0.2 10.13±0.03 270±1 < 0.2 ... ... ... ...
Notes: Col. 2 – observing frequency, Col. 4 – flux density, Col. 5 – radius from the central component, Col. 6 – position angle, Col. 7 – elliptical
Gaussian component major axis or circular Gaussian component diameter (FWHM), Col. 8 – elliptical Gaussian component minor axis
(FWHM), Col. 9 – elliptical Gaussian component major axis position angle; position angles are measured from north through east, Col. 10 –
brightness temperature, Col. 11 – monochromatic radio power at the given frequency in the rest frame of the source.
higher estimate of the radio power for a source with steep spec-
trum.
4.2. J2102+6015
This quasar has been imaged at 2.3 and at 8.3 and 8.6 GHz in
the framework of the first and sixth VLBA Calibrator Surveys5
(VCS; Beasley et al. 2002; Petrov et al. 2008). These snapshot
experiments were made in 1994 August and 2006 December.
Despite its prominence in flux density and luminosity, no VLBI
imaging observations of this high-resdhift quasar have been pub-
lished at any other waveband to date (cf. Coppejans et al. 2016).
Our new images were made at the same S and X frequency bands
as used for VCS, but have higher angular resolution, more uni-
form (u, v) coverage, and better sensitivity.
Coppejans et al. (2017) found that the overall radio spectrum
of J2102+6015 is peaked at ∼1 GHz (corresponding to ∼5.7 GHz
in the source rest frame). High-frequency peakers are believed
to be genuinely young radio sources. Because of its linear ex-
tent of ∼70 pc corresponding to the largest angular distance be-
tween its 8.6-GHz VLBI components (Table 2), J2102+6015 fits
well to the turnover frequency–linear size relation derived by
Orienti & Dallacasa (2014).
At 2.3 GHz (Fig. 3, left), we see a single slightly resolved
component elongated close to the east–west direction. It is con-
sistent with the shape and orientation of the fitted elliptical Gaus-
sian model component (Table 2). The 2.3 GHz flux density of
this component, about 300 mJy, is identical with the values de-
rived from the 1994 and 2006 VCS data within the errors (see
Table 5 in Coppejans et al. 2016).
In the 8.6 GHz image (Fig. 3, right), the east–west elonga-
tion remains the most distinctive characteristics. The model fit
decomposes the central structure within ∼ 1 mas radius from
the brightness peak into three different circular Gaussian com-
ponents of comparable size (Table 2). There are two nearly
symmetrical components on both sides of the brightest, cen-
tral component. Since the absolute astrometric information on
the location of the brightness peak is lost with fringe-fitting in
VLBI, we are unable to associate any of these 8.6 GHz compo-
nents with the 2.3 GHz component at the brightness peak. This
could unambiguously be done with phase-referencing observa-
tions (e.g. Beasley & Conway 1995) in the future. Also, nearly
simultaneous multi-frequency VLBI observations providing at
5 http://www.vlba.nrao.edu/astro/calib/
least as high angular resolution as our 8.6 GHz data would be re-
quired to resolve further the complex mas-scale radio structure
of J2102+6015 and to obtain spectral information to possibly
pinpoint a flat-spectrum core.
The brightness temperatures at both frequencies are mod-
erate, around 2 × 1010K (Table 2), suggesting no considerable
Doppler boosting in the jet. The overall radio spectrum peak-
ing at around 1 GHz (Coppejans et al. 2017), the relatively steep
spectrum (α = −0.50) between our two observing frequen-
cies that are beyond the spectral peak, the high radio power
(P > 1027WHz−1, Table 2), and the compact (≪ 1 kpc) radio
structure are all consistent with the classification of J2102+6015
as a GPS source (e.g. O’Dea 1998).
The high-resolution VLBI images of J2102+6015 bear some
similarity with those of PKS 1413+135 (J1415+1320), a low-
redshift (z=0.247) source with two-sided pc-scale structure
(Perlman et al. 1996). J1415+1320 is believed to be a young ra-
dio galaxywith an inner structure reminiscent of the sub-kpc size
compact symmetric objects (CSOs; e.g. An & Baan 2012).
A weak 1.1 mJy component appears at 10.1 mas west of the
brightness peak at 8.6 GHz (Fig. 3, Table 2). This emission is
not seen at 2.3 GHz, even though our image noise level at the
lower frequency would allow a compact ∼1-mJy component to
be detected at ∼9σ level. The non-detection at 2.3 GHz suggests
that its spectrum is inverted, i.e. the component is weaker at the
lower frequency.We note that a component at this position is also
present in the 8.6 GHz VCS image made in 2006 (Petrov et al.
2008), but remains a hint in their 2.3 GHz image because of the
large restoring beam. We re-analysed the archival data and con-
cluded that in 2006 this component had about five times higher
flux density, which may also explain why it was difficult to detect
in 2017.
4.3. Suitability as astrometric reference sources
According to our imaging VLBI data, both J0906+6930 and
J2102+6015 are resolved and show radio structures extended
to scales of several mas at the frequency bands routinely used
for astrometric and geodetic VLBI observations. Such structures
may have adverse effect on the accuracy of parameter estimates
and could limit the overall precision of the reference frame (e.g.
Charlot 1990; Xu et al. 2017). One way of characterizing the as-
trometric quality of the sources is calculating their structure in-
dex (Fey & Charlot 1997) and its modified value for a continu-
ous scale (SIc; Fey et al. 2015). Based on our X-band data, the
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SIc values for J0906+6930 and J2102+6015 are 3.0 and 2.9, re-
spectively. Because these values are close to the peak of SIc dis-
tribution, these are typical for the sources in the second realiza-
tion of the International Celestial Reference Frame (ICRF2) but
are at the high end of acceptable for defining sources (Fey et al.
2015). Moreover, these high-redshift sources with correlated flux
densities of <∼100 mJy on long baselines are too weak for regular
VLBI observations in the global geodetic network and it is dif-
ficult to monitor their positional stability over a long time. Thus
the potential of these quasars as suitable astrometric reference
objects is limited in future realizations of the ICRF (Fey et al.
2015) or in the most precise alignment of the radio and optical
reference frames (e.g. Bourda et al. 2008).
5. Conclusions
We reported on a series of VLBI observations conducted at five
epochs between 2017 February and August. In each day-long ex-
periment, four or five globally distributed radio telescopes partic-
ipated, providing interferometer baselines longer than 9000 km.
The original purpose of the experiments was studying the accu-
rate astrometric positions of two radio AGN at extremely high
redshifts (z > 4.5), but the VLBI visibility data could also be uti-
lized for high-resolution, high-sensitivity imaging of the sources
at 2.3 and 8.6 GHz frequencies. In the absence of significant vari-
ability during the period covered by the experiments, we were
able to combine the five data sets to improve the image quality.
One of the highest redshift blazars, J0906+6930 (z = 5.47),
is a well-studied object with VLBI at multiple frequencies
(Romani et al. 2004; Zhang et al. 2017). However, the new ob-
servations at 2.3 GHz and 8.6 GHz presented in this paper
could significantly advance our knowledge about the source.
At 8.6 GHz, we clearly confirmed that the Doppler-boosted in-
ner jet undergoes a sharp bending, as speculated recently by
Zhang et al. (2017) from the analysis of archival 15 GHz VLBA
data. Moreover, our 2.3 GHz image indicates that the jet bending
continues until at least 2.5 mas distance from the centre. This
is the lowest frequency VLBI image of J0906+6930 made to
date. Future studies of the newly discovered, apparently helical
jet would benefit from even lower frequency imaging since it
would be more sensitive to the structure possibly extending to
∼10 mas scales. The source with its prominent jet structure al-
most unique at z > 5 also has a high potential for studies of
jet kinematics. To this end, monitoring over a decade-long time
interval is needed because any structural change is expected to
be slow in the observer’s frame owing to the cosmological time
dilation.
As a quasar with one of the highest measured radio powers
among currently known AGN at z > 4.5 (P > 1028 WHz−1;
Coppejans et al. 2016, see also Table 2), J2102+6015 (z = 4.57)
would deserve more attention. The 8.6 GHz VLBI image pre-
sented in this paper has the highest resolution obtained for this
GPS source to date. We found that its mas-scale radio structure is
elongated in the east–west direction. The rather symmetric cen-
tral ∼2-mas section is resolved into three components for the
first time. The accurate characterization of this structure and the
secure identification of the radio core in J2102+6015 would re-
quire follow-up multi-frequency VLBI observations at 15 GHz
and higher frequencies.
Because of their compact radio structure resolved on mas
angular scales and correlated flux densites below ∼100 mJy,
J0906+6930 and J2102+6015 are not ideal as astrometric ref-
erence objects, which preferably have point-like structure unre-
solved on VLBI baselines.
Our results demonstrate the potential in the dual use of
S/X-band geodetic/astrometric VLBI experiments. Under cer-
tain circumstances, for example for densely sampled monitor-
ing of bright reference objects for a long period of time (e.g.
Britzen et al. 1994), or as in our case, studying selected tar-
gets sufficiently bright for fringe-fitting in more detail, the data
can be utilized for astrophysical purposes as well. This is made
more convenient by the ability of modern correlators operating
at geodetic VLBI processing centres to produce outputs contain-
ing interferometric visibility data. Proper amplitude calibration
requires that the system temperatures are regularly measured at
the participating radio telescopes during the observing sessions.
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